ABSTRACT: An amino acid deletion assay, a protein efficiency ratio (PER) assay, and a slope-ratio growth assay were used to establish the limiting order of AA, and to determine the effects of microbial phytase on protein utilization in corn gluten meal (CGM) fed to chicks during the period of 8 to 21 d posthatching. In Assay 1, a 12% CP CGM diet was fortified with AA to fulfill the digestible AA ideal profile (only Phe + Tyr, Leu, and Pro exceeded requirements) for young chicks. Amino acids were then individually deleted, and all diets were fortified to 23% CP, with Glu varying as necessary. A Met-fortified 23% CP corn-soybean meal diet served as a positive control. No weight gain or feed efficiency differences were observed between the fully fortified CGM basal diet and the corn-soybean meal positive-control diet. The limiting order of AA estab-
Introduction
Corn gluten meal (CGM) is an excellent source of xanthophylls and is often added to broiler chick and layer diets to enhance skin and yolk pigmentation. Corn and soybean meal are the most predominant ingredients in poultry diets, but corn-soybean meal diets, and soybean meal per se, are first-limiting in Met and sulfur amino acids (SAA), respectively (Fernandez et al., 1994) . Corn gluten meal, however, is a rich and highly available source of Met for chicks (Sasse and Baker, 1973 ) and may therefore not only provide xanthophylls, but also SAA for poultry diets. One of the major con-1 2150 lished in CGM was 1) Lys, 2) Trp, 3) Arg, 4) Thr, 5) Val, 6) Ile, 7) His, 8) cystine, and 9) Met. In Assay 2, diets with 10% CP furnished by CGM or casein were fed in the presence and absence of 1,200 U/kg phytase. A protein source × phytase interaction (P < 0.05) was observed for weight gain, gain:feed, and PER, indicating positive responses to phytase when casein was fed but negative responses to phytase when CGM was fed. In Assay 3, graded levels of protein (8, 16, and 24% CP) furnished by CGM were fed in the presence and absence of 1,200 U/kg phytase. Weight gain and gain:feed increased linearly (P < 0.05) as a function of protein intake, but phytase supplementation had no effect on weight gain or gain:feed slopes. These results indicate that 1,200 U/kg phytase did not increase either CP or AA utilization in CGM for young chicks.
cerns with the use of CGM in poultry diets is that it has a severely imbalanced AA profile, and proper AA fortification is therefore essential to obtain maximal performance. The first objective of this study was to use AA fortification, based on the Illinois Ideal Chick Protein concept Baker, 1997) , to achieve acceptable performance so that the order of AA limitation in CGM could be established. Use of ideal amino acid ratios to achieve proper AA fortification levels allows one to formulate a nearly perfect dietary AA pattern that meets the chick's requirements. This, in turn, minimizes AA excesses and imbalances that may limit the efficiency of AA use.
Phytase addition to swine and poultry diets may improve the utilization of dietary phosphorus and also of protein, although the latter effect is controversial (Rodehutscord, 1998; Valaja et al., 1998; Sebastian et al., 1997) . Because CGM is severely deficient in both Lys and Trp as established herein, any improvement in utilizing these important AA mediated by phytase would be important. Thus, we used chick growth assays to evaluate the efficacy of phytase for improving the utilization of CGM protein.
Materials and Methods

General Procedures
Housing and handling procedures were in accord with policies of the University of Illinois Committee on Laboratory Animal Care. All experiments were conducted using male chicks obtained from the cross of New Hampshire males and Columbian Plymouth Rock females. Chicks were housed in thermostatically controlled starter batteries with raised wire floors in an environmentally controlled building. Both diets and water were provided for ad libitum consumption, and uniform light was provided on a 24-h basis. The chicks were fed a nutritionally adequate corn-soybean meal diet (NRC, 1994) for the first 7 d posthatching. After being deprived of feed overnight, the chicks were weighed, and chicks within a narrow weight range were selected. The selected chicks were then wing-banded and randomly assigned to pens, after which pens were randomly assigned to dietary treatments.
Chicks were allowed to consume their assigned experimental diets from d 8 to 20 (Assay 1), d 8 to 17 (Assay 2), or d 8 to 21 (Assay 3) after hatching. Body weight of individual chicks within each replicate group and group feed intakes were measured at the termination of each experiment. Weight gain and feed efficiency (gain:feed ratio) were then calculated for each pen replicate.
The microbial phytase product (Natuphos) was obtained from BASF Corporation (Parsippany, NJ). The phytase premix was assayed and found to contain 805 U of phytase activity/g, with 1 U of phytase activity defined as the quantity of enzyme required to produce 1 mol of inorganic P/min from 5.1 mmol/L of sodium phytate at a pH of 5.5 and a water bath temperature of 37°C.
Assay 1
The objective of this assay was to determine the limiting order of AA in CGM (ADM Corp., Decatur, IL) using an AA deletion assay. Triplicate groups of five chicks were assigned to each of the 12 dietary treatments. The assay was conducted using an AA-deficient cornstarch-dextrose basal diet containing 12% CP provided by CGM (Table 1) . The CGM used in this assay was analyzed to contain 65.43% CP (AOAC, 1995) . Amino acid concentrations (Table 2) were quantified by ion-exchange chromatography using a Beckman 6300 amino acid autoanalyzer (Beckman Instruments, Palo Alto, CA) following a 24-h acid hydrolysis under a nitrogen atmosphere (Spackman et al., 1958) . Performic acid preoxidation preceded acid hydrolysis in the determination of Met and cystine. Nitrogen-corrected true digestibilities of AA in CGM (Table 2) were determined with adult, cecectomized, Single-Comb White Leghorn cockerels (Han and Parsons, 1990) . Five cockerels were selected at random to receive a 30-g crop intubation of CGM, and another five cockerels were used as feeddeprived controls to estimate endogenous excretion of amino acids.
The fully fortified CGM diet contained supplemental Lys, Trp, Arg, Thr, Val, Ile, His, Met, Cys, and Gly to fulfill the digestible AA profile established by Illinois The diet contained 3,400 kcal ME/kg diet and 12% CP furnished by corn gluten meal and was fortified to 23% CP with glutamic acid and essential amino acids (Phe + Tyr, Leu, and Pro from CGM exceeded NRC [1994] requirements). The digestible AA profile meets the Illinois Ideal Crude Protein ratios for poultry ) during 0 to 3 wk of age (Lys, 100; Met, 36; Cys, 36; Arg, 105; Val, 77; Thr, 67; Trp, 16; Ile, 67; His, 32; Phe + Tyr, 105; Leu, 109 The corn gluten meal (ADM Corp.) used in Assay 2 was analyzed to contain 62.9% CP. It was added to the diet (15.9%) to replace an equal quantity of cornstarch and dextrose (1:1) and to furnish exactly 10% CP. j Casein (Erie Casein Corp., Erie, IL) was analyzed to contain 88.29% CP. It was added to the diet (11.33%) to replace an equal quantity of cornstarch and dextrose (1:1) and to furnish exactly 10% CP. Ideal Chick Protein ratios for 0-to 21-d-old chicks . A digestible Lys level of 1.12% of the diet was used as a reference point for calculating proper levels of the remaining AA to be supplemented. Levels of Phe + Tyr, Leu, and Pro provided by CGM, however, were allowed to exceed requirements. The diet was then fortified to 23% CP with Glu to provide a source of nonspecific amino nitrogen. All vitamins and minerals met or exceeded NRC (1994) requirements.
Amino acid deletions were made at the expense of glutamic acid and cornstarch. Thus, all diets were formulated to be isonitrogenous by varying the amount of Glu. Each of the AA in the complete fully supplemented diet was individually deleted such that relative growth depressions could be assessed. Individual deletions included Lys, Trp, Arg, Thr, Val, Ile, His, Met, SAA, and Gly. A Met-fortified corn-soybean meal diet containing 23% CP was included to serve as a positive control, representing a typical commercial diet for young chicks.
Assay 2
The objective of this assay was to determine the effect of phytase supplementation on protein efficiency ratio (PER) of CGM (ADM Corp.). Casein (Erie Casein Corp., Erie, IL) was also evaluated with and without phytase supplementation to serve as a phytate-free protein source. A 2 × 2 factorial arrangement of dietary treatments was used, with protein source representing one factor (casein or CGM) and phytase supplementation representing the other factor (0 or 1,200 U/kg diet). The CGM used in this assay was analyzed to contain 62.90% CP; the casein contained 88.29% CP (AOAC, 1995) . Both ingredients were added to the basal diet (Table  1) at the expense of cornstarch:dextrose (1:1 wt/wt) to provide exactly 10% CP. Eight groups of four male chicks were assigned to each of the four dietary treatments from d 8 to 17 posthatching. Following the 9-d experimental period, weight gain and CP intake were determined and PER values were calculated.
Assay 3
Slope-ratio methodology was used in this assay to further assess the effects of microbial phytase on the protein quality of CGM. Dietary treatments were organized in a 2 × 3 factorial arrangement, with phytase supplementation representing one factor (0 or 1,200 U/ kg diet) and CP level representing the other factor (8, 16, or 24% CP). Quadruplicate groups of four chicks were assigned to each of the dietary treatments from d 8 to 21 posthatching. The assay was conducted using a cornstarch:dextrose basal diet (Table 3) , with CGM (62.90% CP) added in place of dextrose. The CGM source used in this assay was the same as that used in Assay 2. Following the 13-d experimental period, weight gain and CP intake were determined, after which PER values were calculated. Multiple linear regression analysis was also performed, with weight gain regressed on CP intake. This facilitated use of sloperatio methodology to evaluate CGM protein utilization as affected by phytase supplementation. Corn-soybean meal positive control diet, supplemented with 0.20% DL-Met, contained 23% CP and 3,200 kcal ME/kg diet. r,s,t,u,v,w,x,y,z Within a column, means lacking a common superscript letter differ (P < 0.05).
Statistical Analysis
Analysis of variance was performed on all data using the GLM procedure of SAS (1990) appropriate for completely randomized designs. Means separation in Assay 1 was carried out using the LSD pairwise multiplecomparison procedure of SAS with alpha set at 0.05. The factorial treatment arrangements of Assays 2 and 3 were analyzed using single-degree-of-freedom orthogonal comparisons. In Assay 3, weight gain was regressed on CP intake, and independent linear regression equations were generated for the three CP levels fed in the presence or absence of microbial phytase. The intercepts for the equations generated for diets with and without phytase were not different (P > 0.10). Therefore, multiple linear regression analysis, consisting of two straight lines with a common intercept, was performed using the GLM procedure of SAS. Increasing CP levels supplied by CGM fed in the presence or absence of microbial phytase were then analyzed using slope-ratio methodology.
Results
Assay 1
No differences (P > 0.10) in weight gain, feed intake, or feed efficiency were observed for chicks consuming the fully fortified CGM diet compared to the corn-soybean meal positive-control diet (Table 4) . Deleting Lys, Trp, Arg, Thr, Val, Ile, His, SAA, or Met from the fully fortified CGM basal diet depressed (P < 0.05) weight gain, feed intake, and feed efficiency; deletion of Gly did not depress chick performance. Based on the magnitude of gain and feed efficiency reductions resulting from individual AA deletions, the order of AA limitation in CGM was interpreted to be 1) Lys, 2) Trp, 3) Arg, 4) Thr, 5) Val, 6) Ile, 7) His, and 8) SAA. Deletion of SAA resulted in gain and feed intake depressions that were similar to those obtained from deleting Met alone, but SAA (Met + Cys) deletion decreased feed efficiency to a greater extent (P < 0.05) than deletion of Met alone. This suggested that cystine was probably eighth-limiting and Met ninth-limiting in the protein of CGM.
Assay 2
Performance and PER data for chicks fed diets containing 10% CP furnished by casein or CGM fed in the presence or absence of 1,200 U/kg phytase are shown in Table 5 . A protein source × phytase interaction (P < 0.05) was observed for weight gain, feed efficiency, and PER values, indicating positive responses to phytase when casein was fed but negative responses when CGM was fed. All response criteria for chicks fed casein were superior (P < 0.05) to those for chicks fed CGM.
Assay 3
Regardless of phytase supplementation, increasing crude protein level resulted in increased (P < 0.05) weight gain and feed efficiency for chicks fed incremental levels of CP (8, 16, or 24%) provided by CGM (Table  6 ). Phytase supplementation was without effect (P > 0.10) on PER values. Regressing weight gain (g) on crude protein intake (g) for diets 1 to 3 (X 1 ) and diets 4 to 6 (X 2 ) resulted in the following common-intercept multiple linear regression equation: Y = 0.68 + 0.82X 1 + 0.79X 2 , R 2 = 0.93. Phytase supplementation did not affect (P > 0.10) the slope of the accretion curve. 
Discussion
Protein sources or diets with severely deficient AA and(or) severely imbalanced AA profiles result in reduced overall performance. Boomgardt and Baker (1972) , however, used AA fortification bioassays in chicks to establish the order of AA limitation in gelatin, a protein source with a severely imbalanced AA profile. When properly fortified with AA, the gelatin-based diets allowed good rates of growth. Establishing the limiting order of AA in imbalanced protein sources provides valuable insight into their potential application as research tools. For example, properly fortified CGM could be used to study deficiency vs adequacy of eight different essential AA (Table 4) . It could also be used to investigate the tryptophan-niacin interrelationship, because CGM is severely deficient in both available Trp and niacin.
The AA deletion assay (Assay 1) clearly defined the order of AA limitation in CGM. All diets were formulated on the basis of Illinois Ideal Chick Protein (Baker and Baker, 1997) using digestible AA values, with the addition of essential AA to fulfill the digestible AA ideal ratio and fortification to 23% CP with L-Glu as a source of nonspecific amino nitrogen. Use of the ideal protein concept, therefore, minimized AA excesses and imbalances, and we believe this method of AA fortification contributed to the definitive nature of the results obtained. Moreover, complete AA fortification of the basal diet containing 12% intact protein provided by CGM produced weight gain and feed efficiency values that did not differ from those of chicks fed the 23% CP corn-soybean meal positive-control diet. This finding adds further veracity to the results regarding the order of AA limitation in CGM.
Beyond Lys and Trp, the order of AA limitation in CGM has not previously been defined. Our data in Table  4 clearly indicated that the order of AA limitation was 1) Lys, 2) Trp, 3) Arg, 4) Thr, 5) Val, 6) Ile, 7) His, 8) cystine, and 9) Met. Deletion of both Met and cystine decreased weight gain and feed efficiency. Relative to these values (i.e., diet 9), addition of cystine to its ideal level (i.e., diet 10; − Met + cystine) increased (P < 0.05) the gain:feed ratio by 8%. This indicated that cystine was more limiting than Met, and this is supported by the digestible levels of these AA in the CGM used in this assay (Table 2) . Assuming the ideal levels of cystine and Met are both 1.87% of CP, the digestible level of cystine in CGM (1.33% of CP) was only 71% of its ideal level, whereas the digestible level of Met was 111% of its ideal level. This indicates that cystine is more limiting than Met in the protein of CGM.
The deletion assay separated Trp and Arg in their order of limitation, but other assays in our laboratory (unpublished data) have suggested that Arg is almost as limiting as Trp in the protein of CGM. Fernandez et al. (1994) established that the order of AA limitation in corn for young chicks was 1) Lys, 2) Thr, 3) Trp, 4) Arg, Ile, and Val, 5) SAA, 6) Phe + Tyr, and 7) His. Corn and CGM are both first-limiting in Lys, and although the first six limiting AA are the same in both ingredients, the order of AA limitation is different. The principal difference is that the protein of corn is more limiting in Thr and less limiting in Arg than the protein of CGM. Also, the digestible Lys level of CGM (1.19% of CP) as established herein is actually substantially lower than that of corn protein (1.79% of CP), as reported by Fernandez et al. (1994) . During the processing of corn to ethanol and corn co-products such as CGM, the zein (low in Lys), in effect, is concentrated, because virtually all of the germ is lost during processing.
The addition of microbial phytase to diets in Assay 2 (Table 5 ) resulted in small, negative responses in chicks fed 10% CP from CGM and small, positive responses in chicks fed diets containing 10% CP furnished by casein. The protein source × phytase interaction (P < 0.05) indicated that phytase supplementation may further exacerbate the amino acid imbalances present in CGM, resulting in reduced growth performance and protein utilization. If the presumed negative charges on phytate were binding positively charged amino groups, such as the epsilon amino group on Lys, one might have expected that the greatest magnitude of response would occur when Lys was first-limiting (Biehl and Baker, 1997) . Assay 1 clearly established that CGM is firstlimiting in Lys. Our observation that phytase supplementation did not increase the PER of CGM, however, indicates that phytase does not improve Lys utilization in CGM. Thus, the decreased PER value of CGM may have been caused by a potential increase in the availability of other less-limiting AA, therefore creating greater AA imbalances in relation to the severe deficiency of Lys. The small, positive responses in PER values observed with phytase supplementation of diets containing 10% CP from casein, a phytate-free protein source, suggests that phytase responses in protein utilization, if any, may be independent of the phytate moiety.
Our hypothesis for the slope-ratio assessment of CGM (Table 6 ) was that if phytase supplementation truly affected protein-AA utilization of CGM in a detrimental manner, the slope of the weight gain accretion curve would decrease. The hypothesized decrease in the accretion slope would result from the liberation of phytate-bound AA (other than Lys), subsequently resulting in greater AA imbalances with increasing levels of CGM. No slope differences (P > 0.10), however, were observed when weight gain as a function of CP intake was evaluated in chicks fed diets with and without supplemental phytase. Thus, slope-ratio assessment failed to parallel the negative results obtained in the PER assay.
The PER assay (Table 5 ) was conducted using a mineral mix designed for purified diets, and it provided both Ca (1.21%) and available P (0.72%) in excess of NRC (1994) requirements for these nutrients. The slope-ratio assay (Table 6 ), however, provided both Ca and available P at near NRC (1994) estimated requirements. One could question, therefore, whether excesses of either Ca or P, or both, might influence the efficacy of phytase in improving protein and amino acid utilization. Recent unpublished data from our laboratory have addressed this issue, and the results indicated that a 50% excess (i.e., above the NRC [1994] required level of either Ca or P, or both) had no effect whatever on the capacity of phytase to affect the utilization of protein or amino acids in CGM.
The efficacy of phytase for improving protein-AA utilization is quickly becoming an expanding area of research interest. The potential ability of phytase not only to liberate phytate-bound phosphorus but also to improve protein-AA utilization would allow for a reduction in phosphorus and nitrogen excretion. Phytasemediated increases in protein-AA utilization would enable a reduction in dietary phytate-phosphorus inputs and would allow one to feed lower-protein diets, thereby creating both environmental and economic advantages. Previous research conducted in our laboratory indicated that phytase supplementation increased feed efficiency of chicks fed AA-deficient soybean meal-dextrose diets (Biehl and Baker, 1997) , but no effects on feed efficiency of chicks fed peanut meal were observed. Boling et al. (1999) evaluated the effects of phytase on PER values as a measure of protein-AA utilization in cereal grains and oilseed meals. No improvements in PER values were observed when phytase was added to diets containing 10% CP furnished by soybean meal, canola meal, cottonseed meal, peanut meal, meat and bone meal, wheat middlings, wheat bran, rice bran, and defatted rice bran.
Researchers who have used protein or AA digestibility in avians as a means of evaluating the efficacy of phytase have generally found small but positive results, although Biehl and Baker (1997) and Zhang et al. (1999) did not detect increases in protein or AA digestibility in chicks fed phytase. Published information describing positive digestibility results are typified by the experiments of Kornegay (1996) , Yi et al. (1996) , and Ravindran et al. (1999) . Ravindran et al. (1999) conducted experiments evaluating the efficacy of phytase supplementation on protein and AA digestibility in broilers fed cereal grains (corn, sorghum, and wheat), oilseed meals (soybean meal, canola meal, cottonseed meal, and sunflower meal), and cereal by-products (wheat middlings and rice polishings). They reported that phytase supplementation significantly improved the digestibility of protein and individual AA in all of the feedstuffs. Biehl and Baker (1996) , using growth performance as the response criterion, observed increased protein-AA utilization in pigs fed both AA-deficient and AAadequate corn-soybean meal diets containing phytase. Mroz et al. (1994) reported increased apparent total tract digestibilities of nitrogen and AA (except cystine and Pro) in growing pigs fed phytase-supplemented corn-tapioca-soybean meal diets, but only the apparent ileal digestibilities of Met and Arg were increased with the addition of phytase. The increased apparent total tract digestibility of AA caused by phytase is difficult to interpret because of the presence of microbial protein and AA in the feces produced by microbial fermentation in the lower gut. Rodehutscord (1998) , however, observed no effects on fecal digestibility of nitrogen in pigs fed phytase-supplemented diets. Valaja et al. (1998) also showed no effects of phytase addition on the apparent ileal digestibility of AA or nitrogen in pigs fed wet barley protein.
The collective research evaluating the efficacy of phytase on protein-AA utilization is inconsistent and inconclusive, which may primarily be a function of dietary constituents and method of evaluation. Potential increases in protein and AA digestibilities have rarely resulted in improved growth performance or PER. The beneficial AA digestibility effects of phytase addition in highly controlled and very precise assays, therefore, may be offset or partially negated by other unknown factors that are deleterious to overall protein utilization.
Implications
Corn gluten meal can be ideally fortified with essential amino acids and nonspecific amino nitrogen to achieve excellent rates of growth in young chicks. Phytase addition to amino acid-deficient corn gluten meal did not improve protein utilization. It is possible that the small, beneficial effects of phytase on protein digestibility may be offset by yet undetermined negative effects on protein utilization such that the net effect of phytase on protein-amino acid utilization is minimal.
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